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1 Introduction 

In this paper we report about a 165-channel 
neuromagnetic system developed in an frame of an 
international multidisciplinary cooperation between 
the Advanced Biomedical Technologies (ITAB) of 
the University of Chieti (Italy), the Central Institute 
for Biomedical Engineering (ZIBMT) of the 
University of Ulm (Germany), the Istituto di 
Cibernetica of the National Research Council of 
Italy, and the Italian company Advanced Biomedical 
Technologies (ATB) [1]. This system, shown in 
figure 1, is installed at ITAB, and it is used in 
combination with a fMRI SIEMENS VISION 1.5 T 
system for multimodal brain imaging. 

The system is designed for clinical use and, at this 
aim, important issues in the instrument 
implementation are environmental noise reduction, 
ensuring stability during operation, and flexibility. 

In order to reduce the setup time before each 
measurement, a hands-off hardware setup and a 
user-friendly interface for experimental control have 
been implemented in collaboration with the General 
Electric Research and Development Center. 

2 Description of the instrument 

2.1 Sensor geometry 

The sensor is assembled by 165 dcSQUID integrated 
magnetometers arranged as in the schematic layout 
shown in figure 2: 153 magnetometers compose the 
sensing array and are placed, with an inter-channel 
spacing of maximum 3.2 cm, over a helmet shaped 
support, providing a whole scalp coverage; 12 
magnetometers are used as reference channels and 
are grouped in four orthogonal triplets. These 
reference triplets, to be used for the software 
cancellation of the magnetic field noise, are placed 
at about 7 cm from the helmet support above the 
frontal, the posterior and the two lateral areas of the 
sensing array. 



Figure 1: The 165-channel neuromagnetometer at 
work at the University of Chieti. 

2.2 SQUID sensors 

The dcSQUIDs are fabricated by means of the well 
assessed Nb/Al-Al 2 0 3 /Nb junction technology, 
ensuring stable parameters during time, robustness 
upon thermal cycling and low flux noise also in the 
DC-10 Hz frequency range. The junction window 
size is 4*4|nm 2 . The shunt resistors, made of 
molybdenum, are formed by sputtering and lift-off. 
As a consequence, the flux to voltage characteristics 
are smoothed, so that the choice of the working 
point of the SQUID is not critical and changes in the 
performances due to thermal drifts in the readout 
electronics are minimized. The SQUID loop, in a 
square washer configuration, has an inductance L of 


about 100 pH. Among the fabricated SQUID set, the 
value of the reduced inductance (3 L ranges from 0.7 
to 1 and the hysteresis parameter (3 C is about 0.4. 
SQUID responsivity V^> is on average 100 qVM> 0 . 
The SQUID magnetometer is based on the Ketchen- 
Jaycox design [2], using a 12 turn spiral input coil to 
couple the magnetometer with the low inductance 
SQUID loop. The pick up loop is a single square 
coil, 9 mm side, with an inductance L p of about 
25 nH and with a resulting field-to-flux coefficient 
Bd> of about 1 nT/<E> 0 . This pick-up coil dimension 
was chosen since it is large enough to reach a sensor 
field noise density of 5 fT Hz' 172 , but at the same 
time small enough to consider the magnetic field 
over the pick-up coil area as constant. The flux 
transformer wiring, deposited by sputtering and 
patterned by lift-off, is insulated from the junctions 
by anodization of the upper niobium layer in the 
trilayer and by depositing a Si0 2 layer in between. 
Since the SQUID is directly coupled to the 
preamplifier (see following section), an additional 
positive feedback (APF) scheme [3] has been 
adopted. The APF resistance has been selected for 
each device in order to enhance the SQUID 
responsivity to 300 pVM> 0 therefore making the 
SQUID noise dominant with respect to the noise of 
the preamplifier. 

2.3 SQUID electronics 

The SQUIDs are driven in flux-locked loop (FLL) 
with direct-coupled scheme, which requires only 
four wires to connect each SQUID, and simple and 
easy to integrate electronics for large scale systems. 
The read-out electronics is integrated on a low-noise 
direct coupled miniaturised detection circuit [4], 
together with the complete analog conditioning 
needed before the A/D conversion. The input 
voltage noise density of the preamplifier is less than 
0.7 nV Hz' 12 at 10 Hz. The detection circuits are 
packed on a circular motherboard, placed on the top 
of the cryostat. The motherboard contains also the 
control logic and command interfaces used to 
digitally control the system working parameters 
from the operator console. In this way a fast set-up 
and automatic tuning of the system is achieved. 

2.4 Cryostat 

The cryostat is made by a single monolithic piece. 
The total liquid helium capacity is 80 liters with a 6 
day interval between helium refills. The distance 
between the support and the external surface of the 
dewar containing the sensor is 20 millimeters. The 
overall contribution to the sensor noise has not been 


accurately quantified, but is anyway less than 
3 fT Hz' 12 
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Figure 2: Schematic layout of the 165-channel 
neuromagnetometer. Only three of the four 
reference triplets are shown. 


2.5 Shielded room 

The sensor operates in a magnetic shielded room 
(MSR) built by Amuneal Inc. on a custom design. 
The room is made by an external aluminum layer, 
12.7 mm thickness, for eddy current shielding and 4 
internal layers of soft magnetic material, 1.57 mm 
thickness, made of an alloy based on iron and nickel. 
The resulting shielding factor is about 48 dB at 0.01 
Hz, rises to 98 dB at 10 Hz and is above 110 dB at 
frequencies higher than 36 Hz. 

2.6 Data acquisition 

The magnetic signals are sampled at the fixed 
frequency of 10 kHz and A/D converted with a 
resolution of 18 bits [5], resulting in a dynamic 
range of more than 100 dB. A high speed optical 
connection transfers the data from the acquisition 
hardware to the real time pre-processing system, 
consisting of an array of Digital Signal Processors 
(DSPs). The array of DSPs is controlled through the 
operator console and is used to perform on the fly 
noise compensation by forming software 
gradiometers, the digital band-pass filtering and the 
sampling decimation requested to reduce the amount 
of data. The use of synthetic gradiometers is allowed 
by the dynamic range of the digital system and the 
good shielding provided by the MSRs, which 
guarantees a stable operation to all single 


magnetometers. A total of 256 channels may be 
processes by the data acquisition system. 

2.6 Accessories 

In addition to the magnetic sensors, the system 
includes a set of 48 bioamplifiers for surface 
potential measurements to be performed 
simultaneously with the magnetic recordings, and 
several “service” channels for trigger recording, etc. 
The bioamplifiers are integrated in the recording 
system, i.e. are fully configurable by the operator 
console. 

Finally, a gantry explicitly designed for this cryostat, 
together with a pneumatically controlled patient 
couch, have been built by XRE Corporation 
(Littelton, MA-USA). 

3 Instrument performances 

In the described MSR, the overall white noise 
density sensed by the SQUID magnetometers 
without any compensation is about 5 fT Hz' 172 at 
high frequency (20 Hz). Since this is the normal 
SQUID noise figure, the contribution to the total 
noise from the patient couch, the gantry, and the 
dewar is negligible with respect to the SQUID noise. 
Finally, during normal operation, the overall high 1/f 
comer can be markedly reduced by means of the 
software compensation. 

As an example measurement, figure 3 shows the 
magnetic field recorded by some of the 153 sensing 
channels during left median nerve stimulation of a 
healthy volunteer. Stimulus parameter are: duration 
200 |ixs, intensity 15 mA, interstimulus interval 3.3 
seconds. Traces are the averaged from about 200 
artefact-free trials and bandpass filtered 1-200 Hz. 
The isofield contour map 21 ms after stimulation is 
shown in figure 4. The amplitude of SEFs was 
calculated for each channel with respect to a 
baseline level chosen as the mean value of the 10-15 
ms post-stimulus epoch. 

Finally figure 5 shows the source location at the 
same latency, together with the activation recorded 
by functional MRI during the median nerve 
stimulation with the same parameter except for the 
interstimulus interval which was set to 510 ms. 



Figure 3: Right (above) and top (below) view of 
the time traces of the different sensing channels 
during left median nerve stimulation. 



Figure 4: Isocontour lines of the field 
measured by the 165-channel 
neuromagnetometer 21 ms after stimulation. 








Figure 5: Cortical activation of the primary somato¬ 
sensory cortex during left median nerve stimulation. 
Yellow (light) box: cortical activation as measured 
by MEG, 21 ms after stimulation. Red (darker) spot: 
cortical activation as measured by fMRI 

4 Discussion 

Magnetoencephalography is now fully accepted as a 
useful tool in basic neurophysiology studies. As a 
clinical tool, MEG is also used, but to a much 
limited extend. The availability of several 
neuromagnetic systems explicitly designed for 
clinical studies will surely improve the effectiveness 
of MEG recordings in the clinical practice. 

The presented systems provide the required 
characteristics for clinical and routine use, that is 
fast set-up, short measurement time and stability 
during the measurements. The sensors noise figure 
is about 5 fT Hz' 12 in the high frequency, whereas in 
the low frequency range, the use of software 
gradiometers reduces the 1/f corner down to few Hz. 
The sensor performances are stable during operation 
and the working parameters are easily set by the 
operator using a digital control unit, thus allowing 
several measurements during the working day. 
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